Optical properties of GaN/AlN/Si (111) epilayers grown by MBE are studied. The observed decay transients of excitonic emissions and their temperature dependence is explained by an efficient transfer link between bound and free excitons.
Introduction
A major problem for a wider application of GaN-based stuctures is the 1ack of the 1attice matched substrates for growing stress free epilayers. Only recently a successful growth of homoepitaxial GaN/GaN epilayers was reported [1, 2] . However, a use of AlN [3] or GaN [4] buffers led to a noticeable improvement of the morphological quality of GaN films grown on lattice mismatched substrates such as sapphire or GaAs and Si.
We report the results of photoluminescence (PL), time-resolved PL and PL kinetics studies of GaN epilayers grown by gas source molecular beam epitaxy (GSMBE) with AlN buffer layer on (111) Si substrates with 17% lattice mismatch to a wurtzite phase GaN. Α use of Si substrates is motivated by attempt of integrating of Si based electronics with GaN-based light emitting devices. Moreover, Si wafers are cheap, show either n-or p-type conductivity and have good morphological quality.
Experimental
The GaN and AlN films were grown in RIBER MBE 2300 chamber on p-type (30 Ω cm -1 ) Si:P (111) substrates. Prior to growth of AlN buffer layers, silicon (789) substrates were outgased at 200°C and the protective oxide was desorbed at 850°C. The 2.45 GHz electron cyclotron resonance (ECR) plasma source was used to grow AlN buffer layer at 640°C. GaN layers were grown by GSMBE with the growth rate about 0.5 μm/h and substrate temperature of 800°C by a thermally cracking a high purity ammonia in the presence of gallium. In this respect our approach differs from that of Meng and Perry [5] , who have used microwaves in growth of GaN films (ECR-MBE) and reported an increasing concentration of lattice defects with the increasing microwave power.
The PL, PL kinetics and time-resolved PL measurements were performed on experimental setup described elsewhere [6] . Figure 1 shows an intensive and broad PL observed at 2 K at the "edge" part of the emission spectum. In addition to the "edge" PL, a yellow donor-acceptor pair (DAP) PL was also observed. Tlis PL was relatively weak as compared to the "edge" PL, which is a promising property of our epilayers. Similar "edge" PL with a maximum at about 3.46 eV was observed by Ohtani et al. [7] and Kung et al. [8] and was attributed to the bound excitonic transition (neutral donor bound exciton (DBE)). This PL is asymmetric indicating a contribution of some additional emission(s). Its complex stucture could be resolved in the time-resolved PL study (see inset of Fig. 1 ). Time-resolved PL spectra were measured at 100 ps intervals after the 5 ps long exciting laser pulse. We observed a gradual change of shape of the broad PL band. The additional substucture appears at about 3.414 eV, becoming dominant at longer delay times, at 3.456 eV, showing a low energy shoulder at about 3.446 eV, and at about 3.47-3.49 eV, better resolved at longer delay times. This can be observed in the inset of Fig. 1 , where the time-resolved PL spectum measured at 500 ps delay is shown. Based on these results we could decompose the broad PL spectrum into five subbands (a better fit to the experimental results was obtained if we assumed the presence of fifth additional PL decaying fast at longer delay times) with maxima at about 3.47-3.49 eV (free exciton FE A and/or FEB ? PL), 3.456 eV (.DBE PL), 3.446 eV (neutral acceptor bound exciton (ABE1) PL), 3.436 eV (ΑBE2 PL) and 3.414 eV (shallow DAP or free-tobound transition), respectively. The identification of the PL bands, given in the brackets, will be used further in the text. We note here that all the excitonic PL emissions are shifted towards the lower energy by about 16-20 meV compared to the PL energies reported in Refs. [1] and [6] for GaN/GaN epilayer, but the DBE position agrees well with the one reported recently for other homoepitaxial stucture [2] . Some shift of the PL position can be related, after Meng and Perry [5] , to an unrelaxed strain in our GaN/Si (111) films. It was observed that PL lines in the "edge" part of the emission may shift by as much as 30 meV depending on the stress conditions in the GaN films [9] .
Results and discussion
PL kinetics measurements were performed for a detection set at different energies within the broad "edge" PL. In Fig. 2 we show a contour plot of the PL intensity versus photon energy and decay time indicating a remarkable property of the PL emission. PL maximum changes its spectral position shifting towards higher (!) energy by about 1 meV during initial 250 ps of the PL decay. The change of the spectral position of the PL was also observed by Smith et al. [10] and was explained by the energy distribution of impuríty binding energies, caused by potential fluctuations in GaN epilayers. However, if such potential fluctuations are present, excitons drift at low temperature towards states of a lower energy [10] , and not higher, as is observed by us. The observed shift of the PL emission must thus be of a different origin.
We determined the decay transients of each Gaussian component of the PL from the time-resolved PL study by measuring integrated PL intensities at different delay times. In this way we could avoid limitations of the "conventional" PL decay measurements performed for the overlapping PLs. The FE emission(s), after its initial fast (about 70 ps) decay, decays then "slowly" with the decay time of about 480 ps at 2 Κ. This is a decay time much longer than those observed for the DBE (about 115 ps), and two ABE PLs: ABE1 (about 110 ps) and ΑBE2 (about 80 ps). The observed PL decay times are similar to or longer than the ones reported for GaN/sapphire structures, but are shorter than those measured for excitonic PL emissions for the homoepitaxial GaN epilayer [6] .
The temperature dependence of the PL decay was measured. With the increasing temperature PL decay times gradually thermalize. They are about 100 ps for the DBE PL and 80 ps for the ABE1 and ΑBE2 PL emissions at 40 Κ. For 50 Κ all PL emissions show similar decay time of about 65-70 ps. The "slow" decay component of the FE PL rapidly shortens with increasing temperature and is of about 360 ps for the 20 Κ and of about 120 ps for the 40 Κ.
The following mechanism is proposed to explain the observed time and temperature dependence of the PL emission. We assume that bound excitons can convert into free excitons by tunneling at low temperature, or by phonon-assisted tunneling and thermal dissociation at increased temperatures. Assuming that transfer link between bound and free excitons is efficient, we estimate exciton tunneling rate to be (at 2 K) about 1010 s-1 for the ABE-DBE transfer and about 2 x 10 9 s-1 for the DBE-FE transfer. These values are the upper limits for the proposed transfer mechanism since other nonradiative recombination processes cannot be excluded. The mechanism explains wly at increased temperatures (above 40 K) the decay times of bound excitons become equal to the decay time of free excitons and also explains the observed drift of the PL maximum towards the higher energy during the decay time.
